The considerable genome size variation in Arabidopsis thaliana has been shown largely 12 to be due to copy number variation (CNV) in 45S ribosomal RNA (rRNA) genes. 13 Surprisingly, attempts to map this variation by means of genome-wide association 14 studies (GWAS) failed to identify either of the two likely sources, namely the nucleolar 15 organizer regions (NORs). Instead, GWAS implicated a trans-acting locus, as if rRNA 16 CNV was a phenotype rather than a genotype. To explain these results, we investigated 17 the inheritance and stability of rRNA gene copy number using the variety of genetic 18 resources available in A. thaliana -F2 crosses, recombinant inbred lines, the 19 multiparent advanced generation inter-cross population, and mutation accumulation 20 lines. Our results clearly show that rRNA gene CNV can be mapped to the NORs 21 themselves, with both loci contributing equally to the variation. However, NOR size is 22 unstably inherited, and dramatic copy number changes are visible already within tens of 23 generations, which explains why it is not possible to map the NORs using GWAS. We 24 did not find any evidence of trans-acting loci in crosses, which is also expected since 25 changes due to such loci would take very many generations to manifest themselves. 26 rRNA gene copy number is thus an interesting example of "missing heritability" -a trait 27 that is heritable in pedigrees, but not in the general population. 28 157
Introduction 29 In eukaryotic genomes, 45S rRNA genes are arranged in clusters termed nucleolus 30 organizer regions (NORs) (Long and Dawid 1980) . After transcription by RNA 31 polymerase I, the primary transcript is processed into 18S, 5.8S and 25S rRNAs that, 32 together with the 5S rRNA (encoded by a separate multi-copy gene), constitute the 33 catalytic core of ribosomes (Chambon 1975; Long and Dawid 1980) . In A. thaliana, 34 each 45S ribosomal RNA (rRNA) gene is over 10 kb long, and the genome contains 35 hundreds of tandemly arrayed gene copies at the top of chromosomes 2 (NOR2) and 4 36 (NOR4) (Copenhaver et al. 1995; Copenhaver and Pikaard 1996a) . Natural inbred lines 37 (accessions) vary by well over 10% in genome size (Schmuths et al. 2004 ; Long et al. 38 2013), largely due to differences in 45S rRNA gene copy number (Davison et al. 2007 ; 39 Long et al. 2013). However, besides pulsed-field electrophoresis studies in the 40 accession Landsberg indicating that both NORs are similar in size, each spanning 41 approximately 3.5-4.0 Mb (Copenhaver and Pikaard 1996b) , nothing is known about the 42 specific contribution of each locus to the overall copy number variation (CNV) in 45S 43 rRNA genes. 44 We previously carried out a genome-wide association study (GWAS) to 45 investigate the genetics of both the variation in genome size and 45S rRNA gene CNV 46 in a population of A. thaliana lines from Sweden. We expected to find significant associations in cis -due to strong linkage disequilibrium between NOR haplotypes and 48 closely linked single nucleotide polymorphisms (SNPs) . Surprisingly, the scans 49 identified neither of the two NORs. Instead, the analyses found an association in trans 50 on chromosome 1, as if rRNA gene copy number were a phenotype rather than a 51 genotype (Long et al. 2013) . 52 Alternatively, repeat number may change too rapidly to be mapped using GWAS, 53 but may still be inherited stably enough to be mapped in crosses (Long et al. 2013) . 54 Consistent with this, quantitative trait locus (QTL) analyses aimed at understanding the 55 genetics behind NOR methylation in A. thaliana have suggested that CNV at the NORs 56 themselves accounts for some of the methylation variation ( (Gibbons et al. 2015) or 7-fold changes among individual siblings of a self-pollinated 64 faba bean parent (Rogers and Bendich 1987 
Results
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45S rRNA gene CNV can be mapped to specific NORs in F2s
75
To better understand the genetics of 45S rRNA gene CNV, we generated an F2 76 population from a cross between a large copy number accession from northern Sweden 77 -TRÄ-01 (6244), with ~2,500 units -and a small copy number accession from 78 southern Sweden -Ale-Stenar-64-24 (1002), with ~500 units. We used next 79 generation sequencing (NGS) to phenotype (we estimated the copy number of the 18S 80 rRNA gene, which is strongly correlated with the copy number of the full gene) and 81 genotype the population simultaneously ( Figure 1A ; see Methods). In sharp contrast to 82 GWAS, linkage mapping identified the distal end region at the top of chromosome 2 as 83 the sole source of variation in rRNA gene copy number in this population ( Figure 1B ). 84 The trans-association identified by GWAS in chromosome 1 (Long et al. 2013 ) was not 85 captured by this analysis, despite the fact that the alleles responsible for the presumed 86 association segregate in the parental accessions. To corroborate that NOR2 is indeed responsible for the difference in rRNA gene 89 copy number, we performed fluorescence in situ hybridization (FISH) in both parental 90 accessions. The results showed that NOR2 and NOR4 in the southern accession Ale- 91 Stenar-64-24 are of similar size to each other -NOR4 is on average 1.49x larger 92 (106.5/71.17 pixels; n=29) than NOR2 in mitotic chromosomes -while in the northern 93 accession TRÄ-01, NOR2 is 2.39x larger than NOR4 (299.64/125.27 pixels; n=26) 94 ( Figure 1C ). 95 Mapping in two further F2 populations showed that it is not always NOR2 varying 96 in size. CNV mapped to NOR2 in the cross Ull1-1 (8426) x TDr-7 (6193) ( Figure S1 Figure   110 2A), with the contribution varying greatly among founder lines ( Figure 2B ). For example, 111 on average, MAGIC lines carrying NOR2 from accessions Bur-0 (7058) and Zu-0 (7417) 112 have fewer copies than do lines that carry NOR4 from these lines instead, because -113 as confirmed by FISH -founder accessions Bur-0 ( Figure 2C ) and Zu-0 ( Figure 2D ) 114 have larger NOR4 than NOR2. Remarkably, we were unable to detect any fluorescence 115 corresponding to 45S rRNA genes in chromosome 2 of Bur-0, suggesting that NOR2 is 116 almost absent in this line ( Figure 2C ). Probes hybridizing the 45S rRNA gene cluster, chromosomes 2 and 4 are highlighted in yellow, red and green fluorescence, respectively. Bar = 10 µm.
(D) FISH results for the founder line Zu-0 as described in (C). 119 While rRNA gene copy number appeared stable in F2 progeny ( Figure 1 and Figure S1 Unstable inheritance of rRNA gene copy number in mutation accumulation lines 167 We next turned to mutation accumulation (MA) lines: independent descendants of the 168 reference accession Col-0 that have been maintained by single-seed descent for over 169 30 generations in the absence of selection (Shaw et al. 2000) . Note that since these are 170 inbred lines, changes in copy number due to recombination between copy-number 171 variants can definitely be ruled out. We quantified 18S rRNA gene copy number by 172 qPCR for two consecutive generations in ten lines that have diverged for 31 generations This study was motivated by our observation that rRNA gene copy number, the major 190 determinant of genome size variation in A. thaliana, behaved very strangely in GWAS 191 (Long et al. 2013 ). Specifically, although the variation was likely to be due to CNV at the 192 NORs, we were not able to map them in cis. Instead, we mapped what appeared to be 193 a trans-acting locus, which prompted us to consider rRNA gene CNV as a phenotype 194 rather than a genotype, at least in part (Long et al. 2013 ). To help make sense of these 195 findings, we decided to study the pattern of inheritance using F2s and inbred lines. As 196 opposed to the case in humans (Schmickel et al. 1985; Kuick et al. 1996; Stults et al. 197 2008), we found that rRNA gene copy number clearly behaves like a genetic trait in 198 pedigrees, with the trait mapping either to NOR2 or NOR4 depending on the parents 199 (Figure 1 , Figure S1 and Figure 2 ). However, we also found that the trait is unstably 200 inherited: by amassing estimates of rRNA gene copy number from F2s, RILs and MA 201 lines in sets of individuals sharing the same genotypes at both NORs, we were able to 202 show that progressive copy number changes are evident already in tens of generations 203 ( Figure 4 ). Together, these two observations provide an explanation for why we were 204 not able to map the NORs using GWAS: copy number is simply too unstable, and hence 205 not heritable over the time scales relevant in GWAS. This is thus a bona fide case of 206 "missing heritability" -a trait that is heritable in families, but cannot possibly be 207 mapped using GWAS (Manolio et al. 2009 ). Figure 1C , Table S1 ). Furthermore, using In conclusion, we have shown that rRNA gene copy number is semi-233 conservatively inherited and starts to diverge over a time-scale of tens of generations. 234 As a result, the trait is heritable in pedigrees, but cannot be mapped using GWAS. This 235 resolves the seemingly paradoxical GWAS results for rRNA gene CNV in A. thaliana, 236 and lays the ground for trying to understand whether any of the observed variation has 237 functional importance, as suggested by its geographic distribution (Long et al. 2013 ). 240 We harvested leaves from ~3 weeks old plants grown under long day conditions (16 241 hrs. light and 8 hrs. at 10°C). We extracted DNA in 96-well plates with the NucleoMag® 242 96 Plant (Macherey-Nagel) kit according to the manufacturer's instructions. 243 We prepared libraries using a slightly modified version of the Illumina Genomic Team 2014). We discarded windows with either less than 100 segregating SNPs or less 279 than 40 called SNPs. The former for considering them regions of low diversity between 280 parental accessions, while the latter for considering them regions not well supported 281 by reads. We assigned genotype 'A' or genotype 'B' to windows with more than 90% 282 of SNP calls for the maternal or paternal accessions, respectively. We determined as 283 genotype 'H' windows with either more than 25% heterozygous calls or where the 284 absolute difference between maternal and paternal SNP calls were less than 30%.
Unstable inheritance of rRNA gene copy number in a RIL population
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DNA extraction and library preparation
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Estimating rRNA gene copy number through NGS 286 For each individual we mapped all reads separately to a single reference 45S rRNA 287 gene (extracted from GenBank: CP002686.1 coordinates 14195483-14204860; File S1) 288 and to the A. thaliana TAIR10 reference genome as described in the section 289 'Genotyping by sequencing'. For our reference 45S rRNA gene (File S1), we based the Estimating rRNA gene copy number through qPCR 311 We estimated 45S rRNA gene copy number in the MA lines through quantitative PCR 312 (qPCR) by comparing the abundance of the 18S rRNA subunit with the single copy 313 gene At3g18780 (ACT2) according to: 314 rRNA gene copy number = 2 Ct(At3g18780 gene) -Ct(18S rRNA gene) , where Ct( ) stands for the 315 threshold cycle for . 316 For the 18S rRNA gene we used primers 5'-CCT GCG GCT TAA TTT GAC TC-3' 317 and 5'-GAC AAA TCG CTC CAC CAA CT-3', while for ACT2 primers 5'-TGC CAA TCT 318 ACG AGG GTT TC-3' and 5'-TTA CAA TTT CCC GCT CTG CT-3' (Davison et al. 2007 ). 319 We employed the FastStart Essential DNA Green Master kit (Roche) according to 320 manufacturer's instructions in a LightCycler® 96 (Roche) with the following thermal 321 profile: preincubation at 95°C for 600 seconds; 45 cycles at 95°C for 10 seconds, 60°C 322 for 15 seconds (in acquisition mode) and 72°C for 15 seconds; melting step at 95°C for 323 10 seconds, 65°C for 60 seconds and 97°C for 1 second. No primer dimers were 324 detected in the melting curve. contrast microscope were processed as described by Lysak and Mandáková (2013) 365 . In brief, the slides were pretreated by ribonuclease A 366 (100 µg/ml in distilled water) at 37 °C for 1 hr and by pepsin (0.1 mg/ml in 10 mM HCl) 367 for at 37 °C for 1 -3 min, and postfixed in 4% formaldehyde in 2x SSC (20x SSC: 3 M 368 NaCl in 0.3 M sodium citrate, pH 7.0) at room temperature for 10 min. The slides were 369 washed in 2x SSC between the steps and eventually dehydrated in an ethanol series 370 (70%, 80%, and 96% ethanol, 3 min each). Note that the difference between the parental lines is small relative to the measurement error, and that this likely explains the "transgressive" value of the F1 individual.
(D) QTL mapping of 18S rRNA gene copy number in the same F2 population described in (C).
(E) The distribution of 18S rRNA gene copy number estimated by NGS in a RIL population of 134 individuals derived from cross Cvi-0 (6911) x Ler-0 (7213). Blue and red vertical lines represent phenotypic values of parental accessions Cvi-0 and Ler-0, respectively.
(F) QTL mapping of rRNA gene copy number in the same RIL population described in (E). 
Figure S3. Correlation between two estimators of 18 rRNA gene copy number for the MA lines
Correlation between two estimators of 18 rRNA gene copy number for the MA lines: Next generation sequencing (NGS) and quantitative PCR (qPCR). TRÄ-01 (n = 25) 10 (40%) 14 (56%) 1 (4%) 0 0
Relative frequency of root-tip nuclei with a particular NOR configuration relative to its close proximity to the nucleolus for the parental accessions Ale-Stenar-64-24 (1002) and TRÄ-01 (6244). n is the number of nuclei in each category.
405
File S1. 45S rRNA gene reference. 
